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Abstract: We consider models of decaying spin-1 dark matter whose dominant coupling
to the standard model sector is through a dark-Higgs Yukawa portal connecting a TeV-
scale vector-like lepton to the standard model (right-handed) electron. Below the electron-
positron threshold, dark matter has very slow, loop-suppressed decays to photons and
(electron) neutrinos, and is stable on cosmological time-scale for sufficiently small gauge
coupling values. Its relic abundance is set by in-equilibrium dark lepton decays, through
the freeze-in mechanism. We show that this model accommodates the observed dark matter
abundance for natural values of its parameters and a dark matter mass in the ∼ 5keV to
1 MeV range, while evading constraints from direct detection, indirect detection, stellar
cooling and cosmology. We also consider the possibility of a nonzero gauge kinetic mixing
with the standard model hypercharge field, which is found to yield a mild impact on the
model’s phenomenology.
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1 Introduction
Dark matter (DM) is perhaps the most fascinating puzzle in high energy physics today.
The existence of DM is supported by different observations from galactic to cosmic scales.
However very little is known about its nature. For instance, it is not even clear that DM
is made of fundamental particles. If so, most properties of particle DM, like its mass, spin
and relic abundance generation mechanism, are unknown. Moreover, the observational
evidence for DM is all based on gravity, and the existence of other types of interaction with
the Standard Model (SM) fields remain to be discovered.
Non-gravitational interactions of the DM are often advocated to explain the production
of its relic abundance in the early universe. This assumption triggered hope to directly
detect DM in terrestrial experiments [1] or to produce it at colliders. Despite a sustained
effort over several decades, experiment has failed to discover theoretically well-motivated
DM candidates, such as weakly interacting massive particles (WIMPs) [2–4] and axion
DM [5, 6]. This null result calls for either alternative candidates [7] or alternative relic
production mechanisms, and perhaps even questions the very existence of DM interactions
beyond gravity [8–11].
One possible alternative scenario consists in realizing the DM as feebly interacting
massive particles (FIMPs) that are produced through the freeze-in mechanism [12, 13].
See Ref. [14] for a recent review. Unlike the standard thermal scenario where the DM is in
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equilibrium with the SM until its annihilation rate is beaten by Hubble expansion leading
to DM freeze-out, within the freeze-in scenario the DM is never in thermal equilibrium with
the SM and is gradually produced from scattering or decay of SM particles. Despite its non
thermal nature the freeze-in mechanism, similarly to the freeze-out one, is typically not
sensitive to initial conditions in the very early Universe, with the known exception of UV-
dominated freeze-in [15]. Consequently, the relic abundance only depends on DM properties
that can be probed in experiments. Also, FIMP may be related to leptogenesis [16].
Massive spin-1 particles are interesting DM candidates. In particular, for masses less
than that of the electron-positron pair, new vectors can only decay to 3γ or νν¯ with typ-
ically highly suppressed decay widths, such that vector DM (VDM) particles are easily
stable on cosmological time scales without resorting to an ad-hoc stabilizing symmetry. A
well-know VDM candidate enjoying this property is dark photon DM [17–19], which only
couples to the SM through kinetic mixing with the hypercharge field [20–22]. However,
it is rather challenging to construct a viable model of dark photon DM below the MeV
scale. For instance, a thermally produced relic abundance is excluded by direct detection
searches [18, 23, 24] and in strong tension with stellar cooling [25–27] and cosmological
bounds [28]. Sufficient dark photon production is still achievable nonthermally. For in-
stance, dark photons can be produced during inflation by a misalignment mechanism [29]
or quantum fluctuations [29, 30]. Another possibility is dark photon production from an
oscillating axion field [31–34]. Finally, nonthermally produced massive spin-1 DM may also
be related to neutrino masses and leptogenesis in the context of B − L models [35].
In this work we explore a model of sub-MeV VDM resulting from the spontaneous
breakdown of a very weakly gauged dark U(1)X group. Its relic abundance is created from
the decay of a heavy dark fermion in thermal equilibrium with the SM. The dark fermion
is a massive isospin singlet vector-like lepton at the TeV scale or higher, unit dark charge
and hypercharge −1, which decays to VDM thanks to mass mixing with the SM leptons.
There are two possible VDM production regimes, depending on the strength of the dark
sector interactions with the SM. For feeble coupling values the VDM relic density is set by
the freeze-in mechanism, whereas in the limit of couplings large enough to bring VDM in
equilibrium with the thermal bath, VDM freezes out while being still relativistic once the
dark fermion decouples. The latter case is reminiscent of the forbidden DM scenario [36],
although in a limit where DM is much lighter than the mediator.
This minimal setup has several interesting features. First of all, there is a parametric
suppression of the VDM coupling to SM lepton pairs relative to its coupling to one SM and
one dark lepton. This allows to saturate the observed DM relic abundance while evading
all existing constraints. Then, the VDM-to-SM couplings needed for DM production are all
technically natural, and can thus assume arbitralily small values without introducing fine-
tuning. As a result, there is a large portion of parameter space where DM can be naturally
produced to the observed level and yet remain invisible to all DM detection experiments.
Finally, in the relativistic freeze-out limit, the comoving VDM number density at freeze-out
is independent of its mass and couplings, up to possible change of the number of entropy
degrees of freedom during freeze-out. Hence, in this regime, the observed DM abundance
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requires a hot DM with a ∼ 60 eV mass, which is in tension with large-scale structure (LSS)
formation [37–39].
The rest of the paper is organized as follows. We define our VDM model in Section 2,
calculate its relic abundance in Section 3 and present its DM-related phenomenology in
Section 4 and its collider signatures in Section 5. We summarize our conclusions in Sec-
tion 6.
2 Light dark matter from a feebly gauged dark U(1)X group
In this section, we present a minimal model of VDM with a sub-MeV mass. Consider, in
addition to the SM symmetries and fields, a U(1)X gauge group with a tiny gauge coupling
gX  1 which is spontaneously broken by a dark Higgs φ of U(1)X charge unity. Consider
also a dark vector-like fermion E which has the same charge as φ under U(1)X and carries
hypercharge −1. We assume all SM fields to be U(1)X neutral.
The most general renormalizable Lagrangian is then,
L = LSM + Ldark + Lportal , (2.1)
where LSM is the SM Lagrangian and
Ldark =− 1
4
χµνχ
µν + E
(
i /D −ME
)
E + (Dµφ)
†Dµφ− V (φ) , (2.2)
Lportal =− λφH |φ|2 |H|2 − 
2
χµνB
µν − (xEELeR φ+ h.c.) , (2.3)
where H is the SM-Higgs field, Bµ is the hypercharge gauge field, with gauge coupling gY ,
and eR denotes the right-handed (RH) SM leptons.
We assume that V (φ) = λφ(|φ|2 − w2/2)2 is unstable at the origin and has its global
minimum at w > 0. In unitary gauge φ = (ϕ + w)/
√
2 where ϕ denotes a real scalar
fluctuation around the non zero vacuum expectation value (VEV) w. This spontaneous
breakdown induces a mass for the U(1)X gauge field of mχ = gXw . Note that a natural
value of the dark Higgs VEV is (assuming the quartic coupling dominates the quantum
correction to the φ mass squared) w ∼ λ1/2φ Λ/4pi where Λ is the cutoff scale of the model.
Hence, a moderately large cutoff of, for instance, 105 TeV together with a vector mass
mχ < 2me implies a tiny value of the U(1)X gauge coupling of
gX ∼ 10−13 mχkeV
λ
1/2
φ
(
105 TeV
Λ
)
, (2.4)
where mχkeV is the VDM mass in units of keV. For fixed mχ and λφ, larger values
of gX are possible at the expense of fine-tuning the VEV w below its natural value
(or lowering the cutoff scale), while smaller values can be obtained by raising the scale
Λ. Another implication of naturalness is that the scalar fluctuation ϕ is very heavy
mϕ ∼ λ1/2φ Λ/4pi ∼ 8× 104 λ1/2φ (Λ/105 TeV) TeV, unless the quartic coupling is very small.
Henceforth, we assume λφ ∼ O(1). The vector-like fermion mass ME can be anywhere be-
tween a few hundred GeV and Λ, lighter masses being in tension with collider constraints.
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In the subsequent sections, we will focus on ME in the TeV range for definiteness.
The operators in Lportal are portal interactions linking the dark sector states to the
SM. The first two terms are the Higgs and kinetic mixing portals, respectively, while the
last one is a leptonic Yukawa portal. While the Higgs portal yields a rich phenomenology
when the scalar ϕ is light, see e.g. Ref. [40] for a review, in our case the scalar fluctuation
is close to the cutoff scale and totally decoupled. Therefore, for simplicity, we set λφH = 0.
The kinetic mixing however is not always negligible. Even if set to zero at the classical
level, it is generated at the one-loop level from states carrying both hypercharge and U(1)X
charge. There is only one such fermion in our model, giving [22]
loop =
gXgY
6pi2
log
(
ME
Λ
)
, (2.5)
which is logarithmically divergent and thus sensitive to an unknown UV contribution. The
loop contribution to the kinetic mixing could be made calculable by adding extra fields.
For example, consider an additional heavy vector-like fermion E′ of mass M ′E , hypercharge
−1 and U(1)X charge opposite to that of E. Then, the total one-loop contribution is
finite with loop = gXgY /(6pi
2) log (ME/ME′). The kinetic mixing even vanishes in the
limit of degenerate fermions (ME = ME′), which may result from an approximate Z2
symmetry. In principle, this would require to include an additional portal operator like
−xE′E′LeR φ† + h.c. which would not change the phenomenology. Therefore, in this case
one could set xE′ = 0 for simplicity, so the only effect of E
′ would be to regulate the
kinetic mixing.1 To summarize  is essentially a free parameter of the model, whose precise
value depends on UV physics. In order to get a feeling of this freedom on the model’s
phenomenology, we investigate two representative cases in the following, where  = 0 and
 = gXgY /(6pi
2).
After U(1)X breaking, E mixes with the SM electron. The corresponding mass matrix
is diagonalized by the mixings angles
tan (2θR) =
2
√
2ME xEw
2M2E − (yev)2 − (xEw)2
, (2.6)
between eR and ER, and
tan (2θL) =
2yev xEw
2M2E − (yev)2 + (xEw)2
, (2.7)
between eL and EL, where v ≈ 246 GeV is the SM Higgs VEV and ye is the electron
Yukawa. Its eigenvalues, denoted me and mE (with me < mE), obey
memE = yevME/
√
2 , m2e +m
2
E = M
2
E +
[
(yev)
2 + (xEw)
2
]
/2 , (2.8)
1 This assumption explicitly breaks the Z2 symmetry and radiatively lifts the mass degeneracy, thus,
reintroducing a nonzero loop. However, we will consider a regime where xE  1 so that this breaking is
small and negligible in practice.
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where me ≈ 511 keV is identified with the physical electron mass. In the limit of ME 
yev and xEw that we envisage here, we have approximately θR ≈ xEw/(
√
2ME) and
θL ≈ yevθR/(
√
2ME) θR and the physical masses are corrected at O(θ2R) relative to the
unmixed case as me ≈ yev/
√
2(1− θ2R/2) and mE ≈ME(1 + θ2R/2).
The mass mixing allows the dark vector χµ to interact with the electron through the
Lagrangian (e and E now denoting mass eigenstates)
Lint = jµXχµ , (2.9)
jµX = e¯γ
µ(gVχee + g
A
χeeγ5)e+ E¯γ
µ(gVχEE + g
A
χEEγ5)E + [E¯γ
µ(gVχEe + g
A
χEeγ5)e+ h.c.] ,
(2.10)
where gV,A ≡ (gR ± gL)/2 and (at linear order in , neglecting the subleading mixing
contribution with the Z [41, 42])
gL,Rχee ≈ gXs2L,R + ecW , gL,RχEe ≈ gXcL,RsL,R , gL,RχEE ≈ gXc2L,R + ecW , (2.11)
where cW (sW ) ≡ cos θW (sin θW ), θW is the weak mixing angle and cL,R ≡ cos θL,R, sL,R ≡
sin θL,R. In the absence of kinetic mixing, the LH couplings are suppressed by a factor of
O(me/mE) relative to the RH ones and gRχee/gRχEe ≈ θR  1. This implies in particular that
VDM production from annihilations of electron pairs will be parametrically suppressed, and
typically negligible, compared to that from in-equilibrium E decays which is controlled by
the E → χe partial width given by
ΓE→χe ' g
2
Xθ
2
Rm
3
E
32pim2χ
' x
2
EmE
64pi
, (2.12)
to leading order in θR. Note that the enhancement factor (mE/mχ)
2 arising from the
longitudinal polarization of χµ cancels out with a similar factor from the mixing angle,
signaling that E decays actually to the Goldstone boson of the broken U(1)X symmetry
through the Yukawa portal operator. Electroweak (EW) decays E → Ze and E →Wν are
also possible, with the following widths (again, to leading order in θR)
ΓE→Ze ' g
2
Zθ
2
RmEm
2
e
128pim2Z
(
1 + 42
g2Xm
2
E
g2Zm
2
e
)
, ΓE→Wν ' g
2θ2RmEm
2
e
64pim2W
, (2.13)
where g is the SU(2)L gauge coupling, gZ ≡ g/cW , and assuming the large mE limit. Note
that, in the absence of kinetic mixing, the decay to Ze is mediated only by the LH mixing
angle θL ' meθR/mE .
The dark vector, χµ, is not stabilized by any symmetry and decays. For mχ < 2me
the leading decay channels are in three-photons, the two-photon decay being forbidden by
the Yang theorem [43], and νν¯ final states. The 3γ decay rate is [17, 18]
Γχ→3γ ' 17α
3
3603pi4
m9χ
m8e
[
gX
(
θ2R
2
+
m4e
m4E
)
+ ecW
]2
, (2.14)
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where the largemE limit was assumed and sub-leading terms ofO(m4e/m4E) andO(θ2Rm2e/m2E)
have been neglected. The m4e/m
4
E term denotes the E loop contribution to the decay am-
plitude. The decay rate into neutrinos is induced from W loops and from tree-level χ− Z
mass mixing for non-vanishing kinetic mixing, which gives (keeping only the dominant
logarithmic part at one-loop)
Γχ→νν¯ 'mχ
24pi
[
θ2R
gXg
2
64pi2
m2e
m2W
log
(
m2Em
6
W
m8e
)
+ gY
m2χ
2m2Z
]2
. (2.15)
The first term in the bracket assumes the large mE limit, while the second term is the
tree-level contribution from mixing with the Z boson. Note that the kinetic mixing does
not contribute at loop-level in the mχ → 0 limit, since any U(1)X operator coupling the
χµ field to the LH neutrino current must involve the dark Higgs field. For mχ > 2me, the
dark vector can also decay to e¯e at tree-level, with a partial width of
Γχ→e¯e =
mχ
24pi
√
1− 4m
2
e
m2χ
{[
(gLχee)
2 + (gRχee)
2
](
1− m
2
e
m2χ
)
+ 6gLχeeg
R
χee
m2e
m2χ
}
. (2.16)
Figure 1 shows the VDM lifetime and branching ratios (BRs) as function of mχ. For
mχ . 30 keV, the dominant decay channel is into νν¯, while for larger masses the 3γ final
state dominates up to the electron-positron threshold. For mχ > 2me, the e
+e− channel
is open and becomes the dominant decay mode, until mχ ≈ 25 MeV from which the 3γ
final state, whose partial width grows quickly as m9χ, dominates again. Note that BRs are
independent of gX , as well as θR in the absence of kinetic mixing. For most of the coupling
range that is relevant for reproducing the DM relic density (see below) dark vectors with
mχ < 2me are typically stable on cosmological scale, with a VDM lifetime τχ that largely
exceeds the age of the Universe τU ≈ 4.3× 1017 s [44]. Conversely, dark vectors above the
electron threshold are typically too short-lived to act as DM, thus we no longer consider
this region henceforth.
3 The VDM relic density
This section describes the production of VDM in the early universe. We assume that dark
sector particles are initially absent from the thermal bath, that is nχ = nE = 0 at T = TR
where TR  Λ is the reheating temperature. Because E carries hypercharge, it will be
vey quickly develop an equilibrium density from the scattering of hypercharge gauge boson
provided TR  mE , which we assume here. Hence, nE = neq for T . TR. There are two
distinct phases for the production of the χµ relic density in the early Universe, depending
on the size of its couplings to SM fields. If VDM interactions with the thermal bath are
too slow, then the relic density will be produced mostly out-of-equilibrium, from a freeze-in
mechanism where VDM particles are created by collision of thermal SM (and E) particles.
Conversely, in the case that such interactions are faster than Hubble, χµ will reach thermal
equilibrium and its relic density will be set by thermal freeze-out.
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Figure 1. Lifetime (left) and BRs (right) of decaying VDM as function of the VDM mass mχ, for
mE = 1 TeV and θR = 10
−2. Solid (dashed) lines assumes zero kinetic mixing ( = gXgY /(6pi2)).
Note that τχ ∝ g−2X and that all BRs are independent of gX , as well as θR in the absence of kinetic
mixing. The dot-dashed line denotes the present age of the Universe and the shaded magenta region
is excluded by studies of CMB anisotropies. The vertical red line denotes the electron-positron
threshold mχ = 2me.
There are two different types of processes that create VDM particles. First, 2 → 2
scattering processes with a photon, like `1 ¯`2 → γχ or `1γ → `2χ with `i being either e or
E. Such processes, creating one VDM particle per collision, are allowed since χµ is not
stable. Double production from, for instance, `1 ¯`2 → χχ is also possible. However, it is
suppressed by a relative factor of ∼ g2X/(4piα), where α is the fine structure constant, and
therefore negligible given the small values of gX considered.
Second, VDM can be produced by (in-equilibrium) decay of E particles, E → χe.
This process is parametrically more efficient than 2 → 2 ones (suppressed by α), since
it requires one less power of equilibrium density in the initial state, and therefore largely
dominates VDM production [13]. In contrast with VDM scenarios where production is
possible through scattering [18], we show below that the decay channel allows to easily ac-
comodate the observed dark matter abundance without conflicting with constraints from
astrophysics and cosmology.
In the following, we first consider the regime of freeze-in VDM production from E
decays. We then discuss scattering contributions to the freeze-in mechanism, and show
that those are neglegible, unless the mixing angle θR which controls the E decay width, is
very small (see Fig. 2). Finally, we consider the relativistic freeze-out limit. The resulting
contour of Ωχh
2 = 0.12 is shown for illustration in Fig. 3 (black solid line) for mE = 1 TeV
and θR = 10
−2.
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3.1 Freeze-in from heavy lepton decay
The Boltzmann equation that determines the VDM number density nχ produced from
E → χe decay is
n˙χ + 3Hnχ =
∫
dΠχdΠEdΠe (2pi)
4δ(4)(pE − pχ − pe)
× [|ME→χe|2fE(1− fe)(1 + fχ)− |Mχe→E |2fχfe(1− fE)] , (3.1)
where H ≈ 1.66√gρ T 2/mPl is the Hubble rate (with mPl = 1.22 × 1019 GeV the Planck
mass and gρ the number of degrees of freedom related to the energy density ρ = pi
2gρT
4/30),
dΠi = gi
∫
d3pi/[(2pi)
32Ei] and fi is the energy distribution of the particle i in the plasma
with gi spin degrees of freedom. The first term of the collision integral controls the pro-
duction of χµ, and the second its depletion from inverse decay. The latter is only relevant
in a regime of couplings where χµ reaches equilibrium with the thermal bath.
In the freeze-in scenario, fχ ' 0 and the inverse decay is negligible. Further neglecting
quantum statistical effects in the collision integral for the decay E → χe, Eq. (3.1) becomes
n˙χ + 3Hnχ = nE〈ΓE→χe〉 , (3.2)
where 〈ΓE→χe〉 = ΓE→χemE
∫
d3pE(fE/EE)/
∫
d3pEfE is the thermal average of the decay
rate ΓE→χe. The resulting comoving density Yχ ≡ nχ/s, with s = 2pi2gsT 3/45 the entropy
density expressed in terms the number of degrees of freedom gs, is approximately [13]
Yχ ≈ 4.3× 10−4m−2ETeV
(
ΓE→χe
2.7× 10−5 eV
)
, (3.3)
whose value is chosen such that the VDM relic abundance Ωχh
2 ≈ 2.74 × 102YχmχkeV
accommodates observations, ΩDMh
2 ≈ 0.12 [44], for keV-scale χ; mETeV denotes the E
mass in units of TeV. In terms of the model parameters we obtain
Ωχh
2 ≈ 0.12mETeV
mχkeV
(
gX θR
5.3× 10−17
)2
. (3.4)
Note that freeze-in production of the observed DM relic is only possible for mχ & 60 eV.
Indeed, Yχ cannot exceed the equilibrium value, which implies a lower bound on the VDM
mass since Ωχh
2 ∝ mχYχ. Then, DM is rather produced by a freeze-out mechanism (see
below).
Finally, VDM is also produced from out-of-equilibrium decay of E particles after their
density freezes out. This late-time contribution to the density of χ particles is given by
the density of E (and E¯) particles at freeze-out Y foE , multiplied by the E → χe branching
ratio. E and E¯ are kept in chemical equilibrium with the thermal bath by hypercharge
interactions and their freeze-out density is set by EE¯ → BB annihilation. The annihilation
is s-wave with a thermally-averaged cross section of 〈σEE¯→BBv〉 ' g4Y /(8pim2E). A standard
freeze-out calculation [45] then yields Y foE ' Y eqE (T ≈ mE/26) ≈ 3 × 10−12, with little
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dependence on the value of mE .
2 In view of Eq. (3.3), the fraction of VDM produced from
out-of-equilibrium decay is therefore totally negligible relative to the freeze-in contribution.
3.2 Subleading scattering contributions
The discussion above is based on χ production from E decay, and neglects sub-leading
contributions from scattering. We provide here a more detailled analysis of the latter in
order to establish the robustness of this approximation. While we use the full expressions
for the scattering amplitudes in our numerical calculations, the corresponding DM yields
can be estimated as follows. In the relativistic limit the 2 → 2 scattering rate scales as
neq〈σv〉 ∼ λ2 T where λ generically denotes the coupling constant of χ (including possible
enhancement factor due to the longitudinal polarization of χ) with the thermal bath and
neq ∼ T 3 is the equilibrium number density of the initial states. This reaction rate is
to be compared with the Hubble rate which, during the radiation-dominated era, scales
like H ∼ T 2/mPl. Hence, in this regime, DM production is more efficient the lower the
temperature. Moreover, as soon as T decreases below mh, the mass of the heaviest particle
involved in the scattering, the reaction rate becomes exponentially suppressed and DM
production quickly stops. Consequently, the final DM yield is approximately given by
Y 2→2χ ∼
λ2
g¯3/2(mh)
mPl
mh
, (3.5)
where g¯3/2 ≡ g2s/g1/2∗ with g1/2∗ = (gs/g1/2ρ )[1 + 1/3(d log gs/d log T )]. Similarly, the decay
contribution is approximately Y decayχ ∼ κ2mPl/[mE g¯3/2(mE)] where κ is a generic decay
constant (Γ ∝ κ2mE).
There are three types of 2 → 2 processes which involve a photon and either two E
particles, two electrons or one E particle and an electron. We henceforth denote the total
yield associated with these three contributions as Y EEχ , Y
ee
χ and Y
Ee
χ , respectively.
In the absence of kinetic mixing, the effective couplings are λEE ∼
√
4piαgVχEE , λee ∼√
4piαgAχee(me/mχ) and λEe ∼
√
4piαgRχEe(mE/mχ). The additional m`/mχ  1 factor in
processes involving electrons stems from the fact the latter only couple to longitudinaly-
polarized χ, which corresponds to the eaten Goldstone boson of the spontaneously broken
U(1)X gauge group, through the Yukawa operator in Lportal. Note that only the axial part
of gχee is coupled to the longitudinal polatization, while the vector part is not enhanced by
me/mχ. This is so because, in the vector-like limit, the global U(1)X symmetry is preserved
by the gauge boson mass term. Thus, the associated current is still conserved and the 1/m2χ
term from the polarization sum does not contribute to the amplitude squared. Similarly,
processes with two E particles are controlled by U(1)X gauge interactions, thus they are
not enhanced by the longitudinal polarization factor. Furthermore, processes with at least
one E particle shut off rather early, near T ∼ mE , due to the heaviness of E, while processes
with two electrons perdure until T ∼ me  mE and are thus enhanced by a relative factor
2For mE close to the TeV scale, freeze-out typically occurs in the broken SU(2)L×U(1)Y phase where B
is no longer a proper mass eigenstate. However, E has vector-like gauge interactions and the finiteness of
the Z boson mass only induces a small correction of ∼ m2Z/m2E  1 to the total annihilation cross section.
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of mE/me×g¯3/2(mE)/g¯3/2(me) ∼ 108×(mE/TeV), using g¯3/2(mE)/g¯3/2(me) ≈ 40. Hence,
the yields from the different scattering processes are expected to scale as
Y Eeχ ∼
4piαg2Xθ
2
R
g¯3/2(mE)
mPlmE
m2χ
∼ θ2R
m2E
m2χ
Y EEχ ∼
4
θ2R
g¯3/2(me)
g¯3/2(mE)
mE
me
Y eeχ . (3.6)
Taking mE = 1 TeV, Y
ee
χ is thus always subdominant to Y
Ee
χ , as well as to Y
EE
χ whenever
θR . 10−4(mχkeV)1/2, and Y Eeχ dominates over Y EEχ for θR & 10−9mχkeV. In turn, the
ratio R of scattering to decay contributions to DM production
R ≡ Y
2→2
χ
Y decayχ
, (3.7)
is (neglecting the subleading contribution from two-electron processes)
R( = 0) ∼ 4piα
(
1 +
m2χ
θ2Rm
2
E
)
, (3.8)
where the effective coupling constant for decay κ ∼ gRχEe(mE/mχ) is also enhanced because
of the longitudinal polarization. This shows that DM production is dominated by decay
unless θR . 3× 10−10mχkeV, in which case DM is mostly produced by scattering processes
of E particles only.
Including a nonzero kinetic mixing  = gXgY /(6pi
2), the only significant change is in the
yield from two-electron processes Y eeχ . The χ coupling to electron pairs has now a vector-
like part whose contribution to the scattering cross section is dominated by transverse
polarizations, as argued above. Consequently, the effective coupling is parametrically λee ∼√
4piα
√
(gVχee)
2 + (gAχee)
2(me/mχ)2 and the scaling in Eq. (3.6) is modified as
Y eeχ ( 6= 0) ∼
(
1 +
16α2
9pi2θ4R
m2χ
m2e
)
Y eeχ ( = 0) , (3.9)
where subleading term ofO(θ2R) has been neglected in gVχee since typically θR 
√
4α/(3pi) ≈
0.06. Now, taking mE = 1 TeV, Y
ee
χ always dominates over Y
EE
χ , as well as Y
Ee
χ whenever
θR . 3× 10−8mχkeV and the scattering-to-decay ratio becomes, approximately,
R( 6= 0) ∼ 4piα
(
1 +
16α2
9pi2θ2R
g¯3/2(mE)
g¯3/2(me)
m2χ
memE
)
. (3.10)
Therefore, decay dominates DM production unless θR . 10−8mχkeV, in which case the DM
relic is set by scattering processes with two electrons.
The above estimates reproduce, up to O(1) factors, the full numerical calculation of
the R ratio whose results are presented in Fig. 2 for  = 0 and  = gXgY /(6pi
2).
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Figure 2. Regions where VDM production is dominated by decay (R ≡ Y 2→2χ /Y decayχ < 1) and
2 → 2 scattering processes (R > 1) in the mχ − θR plane, for cases without kinetic mixing (solid)
and with  = gXgY /(6pi
2) (dashed), and assuming mE = 1 TeV.
3.3 The relativistic freeze-out limit
For large enough values of ΓE→χe the production of χµ can be so efficient that the con-
tribution from the inverse decay χe → E becomes relevant, eventually bringring VDM in
equilibrium with the thermal bath if 〈ΓE→χe〉  H. In this case, the VDM abundance is
rather set by a freeze-out mechanism.
For this to occur the rate of VDM interactions with the thermal bath must be faster
than the Hubble rate before E becomes non-relativistic, which corresponds to nE/nχ ×
〈ΓE→eχ〉/H & 1 at T ≈ mE/3. Given the partial decay width of E → eχ in Eq. (2.12), the
above thermalization condition implies a lower bound on the Yukawa portal coupling of 3
xE & 3.6× 10−7√mETeV , (3.11)
or, equivalently,
gX & 2.5× 10−14 mχkeV√
mETeV
(
10−2
θR
)
. (3.12)
In this regime, the Boltzmann equation receives a contribution from the inverse decay
process and reads 4
n˙χ + 3Hnχ = nE〈ΓE→χe〉
(
1− nχ
neqχ
)
, (3.13)
where neqχ is the VDM equilibrium density. Chemical equilibrium with the SM is maintained
as long as E is abundant in the thermal bath, for T  mE . When T . mE , E is no longer
3The reaction rate is understood here as being the sum of E and E¯ decays, namely nE ≡ gE
∫
d3pEfE
with gE = 4.
4We assume that there is an efficient energy transfer between the SM and χµ in order to write the reverse
process contribution in terms of nχ/n
eq
χ in Eq. (3.13). While this is not generically the case, it does however
hold when χµ is close to thermal equilibrium, which is the limit of interest here.
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produced efficiently by thermal collisions and its density becomes exponentially suppressed.
Eventually, this triggers the decoupling of χµ, while still relativistic, when the decay rate
becomes slower than Hubble at T = Tf ≡ mE/xf with xf & 3. Then, Yχ ≈ Y eqχ (Tf  mχ)
is independent of the VDM mass and only mildly sensitive to the portal coupling xE ,
through the value of xf . This is in sharp contrast to the canonical non-relativistic freeze-
out scenario where the DM equilibrium density falls exponentially before decoupling, thus
inducing a strong dependence on the DM coupling to the thermal bath.
Relativistic freeze-out occurs approximately when nE/n
eq
χ 〈ΓE→χe〉/H . 1. Approxi-
mating the E density as nE ' gEe−mE/T [mE/(2piT )]3/2 and 〈ΓE→χe〉 ' ΓE→χe, valid for
T . mE , yields
xf ' log
(
4.7gEΓE→χemPlg
1/2
∗
gχm2Egs
)
+
7
2
log
[
log
(
4.7gEΓE→χemPlg
1/2
∗
gχm2Egs
)]
, (3.14)
where gE = 4 and gχ = 3 are spin degrees of freedom of E (and E¯) and χ particles. The
variation with temperature of the numbers of degrees of freedom is typically negligible
compared to the exponential falling of the E number density, and gs and g
1/2
∗ are assumed
constant and evatuated at Tf in Eq. (3.14). The larger the decay width, the later VDM
freezes out, as expected. For a leptonic portal coupling in the range 3.6× 10−7√mETeV <
xE < 0.1, one finds approximately 3.2 . xf . 38− logmETeV.
Consequently, Ωχ matches the observed abundance of DM only for a very narrow range
of VDM masses, whose width reflects the mild sensitivity of Y eqχ to the value of xf (that
is to the value of the VDM-to-SM coupling). Since χ is relativistic at freeze-out, neqχ /T 3
is constant and this dependence arises merely from the (possible) change in the number of
entropy degrees of freedom during freeze-out. Assuming Ωχh
2 ≈ 0.12 yields
mχ ≈ 67 eV
[
gs(mE/xf )
106.5
]
, (3.15)
where we use the value gs ≈ 106.5 for mE = 1 TeV and xf = 3.2. For mχ above the
value in Eq. (3.15), VDM is overabundant, while for lighter masses χ cannot explain all
the observed DM within the freeze-out regime.
Note that for relatively low E mass values, a larger value of xf could imply a slightly
different number of degrees of freedom . Consider for instance the extreme case of xE = 0.1,
yielding a late freeze-out at Tf ≈ mE/38 ≈ 26 GeV for mE = 1 TeV. At this temperature,
the top quark, the Higgs and the weak gauge bosons have decoupled from the thermal bath
and gs(Tf ) ≈ 89.6. Then, a lower mass of mχ ≈ 56 eV is required to accomodate the DM
relic density. Conversely, for mE & 6.3 TeV, freeze-out always occurs while all SM states
are active and gs does not change. Hence, in this case, the relic density predicts a single
VDM mass scale of mχ ≈ 67 eV, independently of VDM couplings.
At temperatures T  mE , VDM could still be kept in thermal equilibrium through,
now dominant, 2→ 2 scattering processes such as e¯e→ χγ and γe→ χe (and their inverse).
However, due to the heaviness of E and the smallness of the χ coupling to electrons, these
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two processes are found very inefficient and too slow to keep VDM in thermal equilibrium
with the SM bath after the decoupling of E particles.
4 DM phenomenology
Our VDM model has several possible experimental signatures. Those include DM ab-
sorption in direct detection searches, indirect astrophysical and cosmological probes from
stellar cooling, χ→ 3γ decays and cosmic microwave background (CMB). All of them are
mostly sensitive to gχee. In addition, we consider also possible constraints from big-bang
nucleosynthesis (BBN) and structure formation.
The VDM relic abundance fully determines the coupling gχEe ∼ gXθR for fixed mχ
and mE , see Eq. (3.4). In absence of kinetic mixing, the VDM coupling to electrons scales
as gRχee ∼ gXθ2R, thus all VDM experimental signatures are parametrically suppressed.
Therefore, VDM can easily saturate the observed relic density while evading constraints
from existing searches. However, in the presence of a nonvanishing kinetic mixing, the
direct correlation between the relic density and experimental signatures is altered, since
now  contributes to gχee, but not to gχEe. Assuming  = gXgY /(6pi
2), gχee is dominated
by the kinetic mixing for θR <
√
2α/(3pi) ≈ 4 × 10−2. Therefore, for smaller θR values,
saturation of the relic density requires larger values of gX , resulting in an enhancement of
the VDM signals in experiments.
We review below the searches relevant to our model and discuss the expected VDM
signals in more details. The current constraints and future prospects on the VDM model
are summarized in Fig. 3 in the mχ − gX plane for mE = 1 TeV, θR = 10−2 and assuming
 = 0 or  = gXgY /6pi
2.
4.1 Direct detection
Relic DM particles at the MeV scale or below are detectable through their interactions
with atomic bound electrons. DM could either scatter or even be absorbed. In models
where DM couples only feebly with the SM, scattering is typically very suppressed relative
to absorption as the cross section is quartic in small couplings and DM only deposites
a fraction of its kinetic energy mχv
2
χ/2 where vχ ∼ 10−3 is the average DM velocity in
our galaxy. The VDM-electron scattering cross section [52] is typically extremely small5
σe ' (gRχee)4/(8pim2χ) ∼ O(10−90 cm2) for θR = 10−2 and too many orders of magnitude
below experimental sensitivities [48, 53] to be observed.
Instead, absorption of VDM particles is more promissing. Not only DM deposits its
entire mass energy when absorbed by a material but the associated cross section scales
only quadratically in small couplings. The absorption signal is typically dominated by the
vector part of the DM-electron coupling, contributions from the vector-axial part being
suppressed by powers of the DM momentum-to-mass ratio. Here we adapt several existing
5In the presence of kinetic mixing, the scattering amplitude receives extra contributions coming from
the vector part of the electron coupling which is suppressed by a factor of O(m2χ/me) due U(1)X
current conservation. The amplitude from virtual E exchange is relatively suppressed by a factor of
(gRχEe/g
R
χee)
2mχme/m
2
E ≈ 5× 10−16θ−2R m2χkeVm−4ETeV and negligible.
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Figure 3. Constraints on VDM, χµ, in the mχ − gX plane for mE = 1 TeV , θR = 10−2 and  =
0 (left) or  = gXgY /6pi
2 (right). The solid black line denotes the Ωχh
2 = 0.12 contour above (below)
which VDM is over (under) abundant. Above the dot-dashed line VDM is in chemical equilibrium
with the thermal bath and produced by freeze-out while relativistic; below, VDM is produced
by freeze-in through E → χe decay. Shaded areas show regions excluded by searches of VDM
absorption in direct detection experiments, including recast [23] from XENON10 [46] (purple) and
XENON1T with electronic recoil data [47] (red) or ionisation signals (S2) only [48] (brown), solar
emission (yellow), stellar cooling constraints [23], CMB anisotropies [49] (magenta), diffuse γ-ray
background observations [50] following Ref. [23] (orange) and structure formation (gray). Dashed
lines denote projected sensitivities from future direct detection experiments like SuperCDMS, with
Ge target [51] (blue), and using Ge semiconductor target [24] (pink).
bounds on absorption of canonical dark photon DM, namely scenarios where the dark
photon couples to the SM only through kinetic mixing with the photon field strength,
using the replacement rule e→ gVχee ' gXθ2R/2 + ecW .
Of relevance are dark photon bounds extracted from recasts [23, 51] of XENON10 [46]
and XENON100 [54] data, from XENON1T using electronic recoil data [47] or ionisa-
tion signals (S2) only [48], and from DAMIC [55] and SENSEI [53, 56, 57] experiments.
XENON10, XENON100 and XENON1T are sensitive to absorption of DM whose mass
is above their photoelectric threshold, namely mχ ≥ Eth = 12.13 eV, while DAMIC and
SENSEI have sensitivity to lower masses less relevant for the VDM parameter space under
consideration. Direct detection experiments also serve as a target for dark photon emission
from the Sun [58]. We use here the latest bound from a recast [59] of the XENON1T ex-
clusion on solar emission [47]. Note that bremstrahlung contribution from the dark Higgs
ϕ is negligible here due to its heavy mass.
Resulting constraints and projections for our VDM scenario are presented in Fig. 3
on the mχ − gX plane for fixed θR = 10−2. The shaded regions are excluded by DM
searches by XENON10 (purple) and XENON1T (brown and red) and solar emission of
– 14 –
new bosons by XENON1T (yellow). For sake of illustration of near future sensitivities
on DM absorption in direct detection experiments, we show projections (dashed lines) of
Ge semiconductor target with 1 kg-year exposure [24] (pink) and SuperCDMS Ge with
20 kg-years exposure [51] (blue).
4.2 Indirect detection
Late χ → 3γ decays would contribute to the diffuse γ-ray background [18, 23]. Here,
we follow Ref. [23] and conservatively require that the sum of galactic and cosmological
(extragalactic) VDM contributions to the diffuse γ-ray flux never exceeds the observed
one [50]. For model parameters such that VDM production overshoots observations, we
nevertheless assume that the VDM density at late time is Ωχh
2 = 0.12. In other words, we
implicitly assume that the VDM density is subsequently diluted to the observed value by
some unspecified mechanism. Conversely, for parameters yielding a VDM density below
observations, we scale down the expected signal of Ref. [23] by a factor of Ωχh
2/0.12.
The resulting exclusion is shown in Fig. 3 as an orange-shaded region. We note that
indirect detection is a rather weak constraint on the region of parameter space consistent
with the relic density, excluding only a small region below the electron-positron threshold,
mχ . 2me.
4.3 Astrophysical and cosmological constraints
We consider here possible constraints arising from VDM altering BBN and CMB physics,
LSS formation and stellar evolution.
BBN In constrast with usual WIMP scenarios, where DM is produced cold long before
the onset of BBN at T ∼ O(MeV), here VDM is produced hot and remains relativistic until
after the formation of primordial nuclei. As a result, VDM would provide an additional
contribution ∆Nχeff to the effective number of neutrinos, Neff . A too large Neff would
hasten Hubble expansion compared to standard cosmology and thus modify light element
abundances [60, 61].
Since VDM is not in equilibrium with the thermal bath at the time of BBN, its con-
tribution to the effective number of neutrinos is [62]
∆Nχeff =
120
7pi2
ρχ
T 4ν
=
4
7
gχ
(
Tχ
Tν
)4
, (4.1)
where ρχ is the VDM energy density, Tχ is the VDM temperature (in the case of kinetic
equilibrium) and Tν ∼ MeV is the temperature of neutrino decoupling. In the case that
VDM ever was in thermal equilibrium with the SM, as in the freeze-out regime, its tem-
perature after decoupling is fixed by entropic considerations. Once VDM decouples at
T = Tf = mE/xf , its entropy and that of the SM are separately conserved. It then follows
that the ratio Tχ/T is tied to the variation of the number of entropy degrees of freedom of
the SM between T and Tf as [62, 63]
Tχ
T
=
[
gs(T )
gs(Tf )
]1/3
. (4.2)
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Taking mE = 1 TeV, the lowest decoupling temperature is Tf ≈ 26 GeV (corresponding to
the case of large portal coupling, xE = 0.1). Then, combining Eqs. (4.2) and (4.1), the
VDM contribution to the effective number of neutrinos does not exceed
∆Nχeff . 0.1 . (4.3)
Larger E masses imply an earlier VDM decoupling, and a slightly smaller contribution to
Neff .
In the freeze-in regime, however, VDM never reached equilibrium with the SM bath and
Eq. (4.2) does not apply. This case requires to solve an unintegrated Boltzmann equation
in terms of the energy distribution of fχ and evaluate the integral ρχ =
∫∞
mE
Eχfχ(Eχ).
However, a rough estimate of the VDM energy density at T ∼ O(MeV) shows that this
is not necessary. Note that VDM particles are dominantly produced from E decays at
T ∼ mE with a typical energy of mE/2 (up to a small spread due to the thermal kinetic
energy of E in the plasma). Since χ particles have very weak interactions with the SM
bath (and among themselves), they cannot efficiently transfer energy to one another and
their energy distribution merely redshifts with expansion. Therefore, at T ∼ MeV we have
approximately
ρχ(MeV) ∼ MeV
2
nχ(MeV) ∼ 10
−3
mχkeV
MeV4 , (4.4)
where the second equality assumes Ωχh
2 = 0.12. Hence,
∆Nχeff ∼ 2× 10−3m−1χkeV . (4.5)
which is at most ∆Nχeff . 0.03 given the lower bound mχ & 67 eV in the freeze-in case.
The above VDM contributions, in Eqs. (4.3) and (4.5), are to be compared to the value
Neff = 2.95±0.28 (1σ) [64] obtained from fitting helium and deuterium abundance observa-
tions within the standard BBN scenario. A value that is consistent with the SM expectation
from neutrinos Nνeff = 3.046. Therefore, we conclude that VDM is not in tension with BBN.
Finally, note that while E particles decouple relatively early, they do not decay right
away to SM bath particles and χ, due to the small couplings required to explain the DM
relic abundance, most notably in the freeze-in regime. Summing the widths into χe, Ze
and Wν final state in Eqs. (2.12) and (2.13), the E lifetime is found to be
τE ' 2.3× 10−11 sec× mχkeV
m2ETeV
(
1 + 0.46
mχkeV
mETeV
)−1
(4.6)
where Ωχh
2 = 0.12 was imposed, assuming freeze-in production of VDM and θR = 10
−2.
Hence, E disappears from the Universe long before BBN starts.
CMB The χ → 3γ decays change the ionization history of the universe and leave im-
prints on the CMB in the form of observable temperature anisotropies, unless τχ→3γξ−1 &
1025 sec [49] where ξ ≡ Ωχ/ΩDM denotes the VDM fraction of the observed DM density.
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As for the constraint from diffuse γ-rays above, we implicitly assume some late dilution
mechanism in the case of the overabundant χ production. The resulting exclusion, shown
in Fig. 3 (magenta shaded region), is slightly weaker than the constraint from diffuse γ-ray
observations, and only relevant for VDM masses close to the electron-positron threshold.
Structure formation Once produced, DM particles propagate freely in the Universe,
thus erasing matter density perturbations and, consequently, structures on scales smaller
than the free-streaming length λFS. High-redshift observations, like the Lyman-α forest [65,
66], forbids strong suppression of the matter power spectrum below λFS . O(0.1 Mpc) [39].
In order to estimate the resulting bound on the VDM parameter space, we follow Ref. [16]
and simply demand that the VDM free-streaming scale does not exceed 0.1 Mpc. 6
In the radiation-dominated era, the DM free-streaming scale is [69]
λFS ≈ aNR
H0
√
ΩR
[
0.62 + log
(
aeq
aNR
)]
, (4.7)
where aeq = 2.9× 10−4 is the scale factor of the Universe at the time of matter/radiation
equality, ΩR = 9.3 × 10−5 is the radiation density and H0 = 67.3 km s−1 Mpc−1 is the
Hubble’s constant today. Numerical values of these cosmological parameters are taken
from the results of the full-mission Planck measurements [70]. aNR denotes the scale factor
when the VDM became non-relativistic. The fact that momentum redshifts like a−1 allows
to relate to a different time, for instance the VDM decoupling time td, with
aNR =
〈p〉d
〈p〉NR
ad (4.8)
where 〈p〉 is the averaged VDM momemtum, with 〈p〉NR = mχ. The scale factor ad is
related to its value today by entrody dilution ad = a0[gs(T0)/gs(Td)]
1/3(T0/Td), where
T = T0 ≈ 2.3× 10−4 eV and a0 = 1, conventionally.
In the freeze-out limit, VDM decouples at Td = Tf with a thermal distribution, giving
aNR ' 3.15T0/mχ[gs(T0)/gs(Tf )]1/3 and
λFS =
0.86 Mpc
mχkeV
(1 + 0.13 logmχkeV) , (4.9)
taking gs(T0) ≈ 3.91 and gs(Tf ) ≈ 106.5. Forbidding VDM to stream freely on distances
larger than ∼ 0.1 Mpc implies a lower bound on the VDM mass of mχ & 11 keV. This
scenario is thus excluded by structure formation since the correct relic density in the
freeze-out limit requires mχ ∼ 60 eV.
The estimation of the free-streaming length differs in the freeze-in case since VDM
never thermalized. Instead, most of it is produced at Td ∼ mE/3 with 〈p〉d ∼ mE/2.
6Another approach, giving comparable estimates, consists in mapping analytically models of nonthermal
DM to a warm DM (WDM) candidate and recast existent WDM analyses of the matter power spectrum [67,
68].
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Consequently, aNR ' 3T0/(2mχ)[gs(T0)/gs(Td)]1/3 and
λFS =
0.45 Mpc
mχkeV
(1 + 0.12 logmχkeV) , (4.10)
yielding a lower bound on the VDM mass of
mχ & 5.4 keV . (4.11)
The above bounds are shown in Fig. 3 (gray shaded region) assuming all DM is in the form
of VDM. In the region where the freeze-in production is overefficient the VDM relic density
is implicitly assumed to be diluted at late times to the observed value. For the case that
VDM is underabundant, a somewhat weaker constraint is expected [71].
Stellar cooling Light particles of sub-MeV mass can be produced inside the hot and
dense interior of stars. If weakly coupled to particles in the plasma, they will propagate
without rescattering and eventually escape. Hence, the light particles produced will carry
away energy and contribute an additional mechanism for stellar cooling, which is con-
strained by stellar modeling and observations [25–27]. Moreover, if the new particle mass
is close to the plasma frequency in the stellar medium, emission happens resonantly which
substantially enhances energy losses.
VDM particles produced within stellar cores follow from two processes: bremsstrahlung
and inverse Compton scattering, both of which are sensitive to the VDM coupling to
electron. Here we recast the bounds of Refs. [23, 26, 27] obtained for dark photons using
the Sun, Horizontal Branch (HB) stars and Red Giants (RGs), by requiring that VDM
emission be at most 10 % of the observed luminosity for the first two, and smaller than
10/erg/g/s for the last one. Production of spin-1 particles is dominated by mixing with
the photon in the stellar medium. As a result, the cooling mechanism is dominated by the
vector part of the electron coupling. The resulting bounds are presented in Fig. 3 (green
shaded region), where the three dips denote (from left to right) the best sensitivity from
the Sun, HB stars and RGs.
5 Collider signatures
For mE in the TeV range, the model studied above has also interesting collider signatures.
While the DM itself cannot be detected at colliders, the heavy lepton E, which is an
important ingredient allowing to reproduce the DM relic density, can be produced at the
LHC or future colliders and searched for in multiple ways.
The dominant E production mechanism is in pairs from EW interactions, namely
through qq¯ annihilating to off-shell Z or γ in the s-channel,
qq¯ → γ∗/Z∗ → EE (5.1)
Using MadGraph 5 v2.7.3 [72], we estimate the pp→ EE cross section at the LHC with√
s = 13 TeV to be 5.4×10−2 fb for mE = 1 TeV. Single production of E is also possible, yet
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at the expense of small mixing angle with the electron, leading to negligible cross sections
at colliders.
Once produced, heavy leptons decay to χe, Ze or Wν, leading to different final states
when E decays promptly, as in the freeze-out regime. First, consider the case where ΓE→χe
dominates over the EW channels, leading to χχe+e− in the final state. This signal is very
similar to that of chargino pairs decaying into dilepton plus missing energy [73, 74]. Cur-
rently, such searches bound the cross section for chargino pair production at the O(0.1)fb
level [75]. Hence, heavy leptons with mE = 1 TeV or higher are allowed in this case. Then,
consider the opposite case where E dominantely decays to EW channels, either Ze or Wν.
This leads to clean signatures with multiple charged leptons in the final state, assuming the
Z and W to decay leptonically. While a detailed analysis is beyond the scope of the this
work, we note that current bounds from multilepton searches at the LHC does not reach
yet the TeV scale mass region [76–78]. For instance, in the ZZe+e− channel, taking at
least one Z to decay into e+e− or µ+µ−, the expected number of multilepton events is less
than one for a data set of about 140 fb−1 using the above estimate of the pp → EE¯ cross
section at
√
s = 13 TeV. Therefore, we conclude that mE = 1TeV is allowed by current
experimental data.
For part of the parameter space, in particular when the VDM relic density is produced
by freeze-in, E can have finite decay length. For instance, imposing Ωχh
2 = 0.12 yields
cτE ≈ 1.5 cm/[(θR/10−2)2 + 2.2m−1χkeV] for mE = 1 TeV. Thus, LHC searches for long-lived
charged particles [79–82] have some potential to probe TeV-scale heavy leptons that are
either stable on collider scale or decay within the detector, notably for small values of the
leptonic mixing angle.
Finally, precision electroweak observables can be modified in the presence of nonzero
values of θR and/or the kinetic mixing parameter . The latter induces a universal shift of
the neutral current, whereas the former induces a breaking of lepton-flavor universality of
the Z couplings of O(θ2R). Moreover, a nonzero kinetic mixing alters the relation between
mZ and the SM parameters, hence contributing to the ρ parameter, and the Z decay width.
However, in the limit of mχ  mZ , the upper bound on  is O(10−3) [42, 83, 84], which
is much larger that the typical loop-induced value considered here. Similarly, deviations
from flavor universality in the lepton sector are excluded above the 10−3 level [85–87],
corresponding to θR . 3× 10−2. We conclude that these bounds are too weak to constrain
the region of parameter space relevant for DM.
6 Conclusions
In this work we considered models of decaying spin-1 DM χ associated with a sponta-
neously broken U(1)X gauge symmetry. In constrast with previous models of this kind,
the dominant interaction of DM with the SM sector is through a Yukawa portal where
the dark-Higgs scalar connects a dark vector-like lepton E, charged under U(1)X , to the
right-handed electron. In the U(1)X broken phase, this portal induces a mass mixing be-
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tween the dark lepton and the electron. There is no stabilizing symmetry for χ. However,
for small enough U(1)X gauge coupling and leptonic mixing angle θR, its decays are suffi-
ciently suppressed to guarantee the stability of DM on cosmological scale. The DM relic
abundance is set dominantly by E → χe decays in the early Universe. For small portal
coupling values such that χ is never in thermal equilibrium with the SM bath, the DM
abundance is produced by the freeze-in mechanism. Conversely, for coupling values larger
than ∼ 10−7, χ reaches equilibrium before E decouples and the DM abundance is instead
set by a relativistic freeze-out mechanism. In the latter case, the comoving density of χ is
almost independent of its mass and couplings, and the observed abundance is accomodated
only for a specific mass of mχ ∼ 60 eV, with a mild dependence (few eVs) on the portal
coupling through the effective number of degrees of freedom of the thermal bath at freeze-
out. However, this hot DM scenario is excluded by structure formation considerations.
For higher χ masses, the correct relic abundance is obtained by the freeze-in mechanism.
For mχ > 2me ≈ 1 MeV, χ decays too rapidly into electron pairs to form a valid DM
candidate. We stress that successful DM phenomenology is achieved without resorting to
ad-hod stabilizing symmetries, nor unnaturally small parameters since the model has an
enhanced symmetry associated with E-number conservation in the limit of zero Yukawa
portal coupling and gauge couplings always self-renormalize.
Then, we explored different experimental probes of such decaying spin-1 DM, including
direct and indirect DM detection, energy losses in stars and the production of diffuse γ-rays.
We also considered implications for BBN and CMB physics, and briefly outlined possible
collider signatures in the case that the dark lepton lies around the TeV scale. In conclusion,
we find that spin-1 DM in our model can explain the observed relic density while evading
all existing constraints. Furthermore, this spin-1 decaying DM would most likely remain
invisible also in the next round of DM detection and collider experiments, thus confering
on such a DM candidate a stealth character. This feature is readily understood from the
parametric relation between the relic density, which is set by E → χe decays whose rate
are quadratic in θR  1, and the experimental signatures which rely on the DM coupling
to electron pairs, suppressed here by higher powers of θR.
We also discussed in our study the impact of having a nonzero kinetic mixing  with
the SM hypercharge. While it does not affect DM production in the early Universe, kinetic
mixing does however breaks the latter correlation with DM searches by contributing to
the (vector part of the) DM-electron coupling, gVχee ∼ gXθ2R/2 + ecW , which results in a
stronger DM detection signals. Considering for illustration  = gXgY /(6pi
2), which is com-
mensurate with the typical E contribution at one-loop, the enhanced signals are still below
current bounds for θR ∼ O(10−2 − 10−4). However, for smaller mixing angle, including
values such that the relic density is dominantly set by scattering processes, only part of
the observed DM can be explained within our model. All our results are summarized in
Fig. 3.
The model presented in this work admits various modifications, which can give different
phenomenology. For instance, the new lepton can mix with µ and/or τ , instead of the
electron. While the relic density can be accomodated in a similar way, with the possibility
– 20 –
to raise the DM mass up to the 2µ or 2mτ threshold, this would however tear down
hopes of direct DM detection, as these experiments rely on the DM coupling to electrons.
Another possibility is mixing with the quark sector by introducing dark vector-like quarks,
instead of leptons. Such models would bring about a distinct and rich phenomenology,
most notably in terms of direct detection since DM could be at the GeV mass scale and
couple to nucleons. Moreover, through CKM mixing effects dark sector contributions to
flavor violating processes are unavoidable. Similarly, in leptophilic models, lepton-flavor
violating processes such as µ→ eγ could be relevant, if vector-like leptons mix with more
than one SM lepton flavor. However, such effects are expected be negligible due to the
small U(1)X gauge coupling needed for a valid DM candicate.
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